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A system and method for reducing reflections in a transmis-
sion line and for recovering energy from the load in the
transmission during the process. At least three drive signal
levels are utilized. The transition from the second level to the
third level during a rising transition and the transition from
the second. level to the first level during a falling transition
1s timed to coincide with the arrival of the reflected signal
from the immediately preceding transition. A capacitor 1s
advantageously used as the source for the mntermediate drive
signal levels and advantageously facilitates energy recovery
and conservation.
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LINE REFLECTION REDUCTION WITH
ENERGY-RECOVERY DRIVER

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 60/125,580, filed Mar. 22, 1999, the con-
tents of which are incorporated heremn by reference.

GOVERNMENT LICENSE RIGHTS

The mvention was made with government support under

DAAIO01-95-K-3528 sponsored by DARPA and MDA904-
93-C-L042 sponsored by DOD. The government has certain
rights in the mvention.

BACKGROUND OF INVENTION

1. Field of the Invention

This 1nvention relates to line drivers and, more
particularly, to techniques for reducing ringing and power
losses 1n line driving systems.

2. Description of Related Art

Line reflection decreases the noise margin 1n high-speed
digital circuits, especially line reflections induced by signal
buffers driving off-chip loads.

The signal buifer acts as a line driver. After the driver
causes a signal transition, the transition travels from the
source (near) end of the transmission line to the load (far)
end. Upon reaching the end, the signal transition i1s usually
reflected at the far end and travels back toward the source.
The reflected signal 1s then usually again reflected upon
reaching the source back towards the load. This process
continues until the cumulated losses cause the reflection to
die out. The resulting voltage waveform seen at either end of
the transmission line 1s typically an exponentially-damped
oscillation, often referred to as “ringing.”

Ringing often creates problems. It often causes the volt-
age on the transmission line to exceed allowable or safe
levels. Theretfore, circuitry connected to the line must be
designed to accommodate higher voltage levels than are
actually needed. The ringing can also be erroneously inter-
preted as a change 1n the state of the data on the line.

In the past, efforts have been made to match the 1imped-
ance of the driver to the transmission line and/or the 1mped-
ance of the transmission line to the load. If the impedance at
one end or the other 1s perfectly matched, there would
normally be no reflection.

A simple approach used to match the impedance between
the transmission line and the load 1s to connect a resistance
at the end of the transmission line to ground. This approach,
however, causes additional power to: be dissipated in the
resistance that 1s added. This 1s undesirable 1n low-power
applications, such as in a VLSI pin driver used for fast
chip-to-chip communication.

A simple approach for matching the impedance between
the driver and the transmission line 1s to 1nsert a resistance
1n series between the output of the driver and the 1nput of the
transmission line. Again, however, the addition of such a
resistance increases power dissipation.

Another problem with line driving systems 1s the dissi-
pation of power that occurs during transitions of the signal.
This 1s particularly true when the load includes a substantial
capacifive reactance, such as i a VLSI pin driver used for
fast chip-to-chip communication.

In short, there 1s a need for a driver that drives a
transmission line connected to a load which substantially
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reduces ringing without wasting power and which,
preferably, reduces the energy that 1s dissipated during
operation.

SUMMARY OF INVENTION

One object of the mvention 1s to obviate these as well as
other problems 1n the prior art.

Another object of the mvention i1s to reduce ringing in
transmission-line driving systems.

A still further object of the invention 1s to reduce ringing
in transmission-line driving systems without increasing
power dissipation.

A still further object of the invention i1s to reduce the
maximum voltage-level specification of circuitry that is
connected to a transmission-line driving system.

A still further object of the mvention 1s to reduce data
errors caused by transient signals 1n transmission-line driv-
Ing systems.

A still further object of the invention 1s to conserve energy
consumed by a transmission line and the load 1t drives.

These as well as still further objects of the invention are
achieved by an apparatus and method that transition the
input signal to a transmission line 1n a plurality of steps and
that cause at least one of those steps to coincide with the
arrival of a reflected signal back at the mput of the trans-
mission line.

In one embodiment of the invention, a signal generation
system generates at least a first drive signal, second drive
and third drive signal, the second drive signal having a level
orcater than the first drive signal, and the third drive signal
having a level greater than the second drive signal. A
controller 1s 1n communication with the signal generation
system to cause the signal generation system to deliver the
first drive signal, then second drive signal, and then third
drive signal to the input of the transmission line. The third
drive signal begins to be delivered to the mput of the
fransmission line approximately when a reflection of the
second drive signal from the output of the transmaission line
first arrives at the mput to the transmission line.

In a still further embodiment of the invention, the con-
troller also causes the signal generation system to deliver the
third drive signal, then second drive signal, and then drive
first drive signal to the mput of the transmission line. During
this phase, the first drive signal begins to be delivered to the
mput of the transmission line at approximately when a
reflection of the second drive signal from the output of the
transmission line first arrives at the mput to the transmission
line. In this embodiment, the signal generation system
preferably mncludes a source of the second drive signal that
includes an energy storage device, such as a capacitor. In a
preferred embodiment, the capacitor receives all of its
charge solely from the transmission line.

In a still further embodiment of the invention, the level of
the second drive signal 1s approximately midway between
the level of the first drive signal and the third drive signal.

In a still further embodiment of the invention, the level of
the second drive signal 1s approximately equal to the
reflected level of the previous drive signal.

In a still further embodiment of the invention, the signal
generation system also generates a plurality of drive signals,
in addition to the first drive signal, second drive signal and
third drive signal. In a preferred embodiment, the source for
cach of the plurality of additional drive signals includes an
energy storage device, such as a capacitor. Preferably, each
capacitor receives all of its charge solely from the transmis-
sion line.
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In a still further embodiment of the invention, the signal
generation system includes a supply for generating each of
the drive signals and a switching system that selectively
connects each of the drive signals to the input of the
transmission line. In this embodiment, the controller con-
trols the switching system.

The 1invention also includes a process for driving a
transmission line connected to a load, the transmission line

having an input and an output.

In one embodiment of the process, a first drive signal,
second drive signal and third drive signal 1s generated. The
second drive signal has a level greater than the first drive
signal; and the third drive signal has a level greater than the
second drive signal. The first drive signal, second drive
signal and then third drive signal 1s delivered to the mput of
the transmission line. The delivery of the third drive signal
begins approximately when the reflection of the second
drive signal from the output of the transmission line first
arrives at the mput to the transmission line.

In another embodiment of the process, the third drive
signal, second drive signal and then first drive signal 1s also
delivered to the mput of the transmission line. In this
embodiment, the first drive signal begins to be: delivered to
the 1nput of the transmission line at approximately when a
reflection of the: second drive signal from the output of the
transmission line first arrives at the input of the transmission
line.

In a still further embodiment of the process, a source 1s
used to provide the second drive signal and includes an
energy storage device, such as a capacitor. Preferably, the
capacitor receives all of its charge solely from: the trans-
mission line.

In a still further embodiment of the process, the level of
the second drive signal 1s approximately midway between
the level of the first drive signal and the third drive signal.

In a still further embodiment of the process, the level of
the second drive signal 1s somewhat above the midway level
on the rising transition and somewhat below the midway
level on the falling transition.

In a still further embodiment of the process, a plurality of
drive signals are generated, in addition to the first drive
signal, second drive signal and third drive signal.

Preferably, a source 1s used to generate each of the
additional drive signals, each source including an energy
storage device, such as a capacitor. Preferably, each capaci-
tor receives all of 1ts charge solely from the transmission
line.

In a still further embodiment of the process, a supply
generates each of the drive signals and a switching system
selectively connects each of the drive signals to the input of
the transmission line. In this embodiment, a controller
controls the switching system.

In a still further embodiment of the invention, a driver
drives a transmission line having an input connected to the
driver and an output connected to a capacitive load. The
driver includes a high-potential voltage source; a first
clectronically-controlled switch connected between the
high-potential voltage source and the input of the transmis-
sion line; a low-potential voltage source; a second
clectronically-controlled switch connected between the low-
potential voltage source and the, mput of the transmission
line; an energy storage device, such as a capacitor; a third
clectronically-controlled switch connected between the
capacitor and the input of the transmission line; and a
controller connected to the first, second and third
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clectronically-controlled switches. The controller causes the
third electronically-controlled switch to close approximately
when a signal injected into the transmission line by the
second electronically-controlled switch returns back to input
of the transmission line. The controller also causes the first
clectronically-controlled switch to close approximately
when a signal injected into the transmission line by the
second electronically-controlled switch returns back to the
input of the transmission line.

These as well as still further objects, features and benefits
of the mvention will now become clear from a review of the
following detailed description of the preferred
embodiments, read 1n conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates a prior art line driver system.

FIG. 2 1llustrates the ringing that typically occurs 1n the
prior art line driver system shown 1 FIG. 1.

FIG. 3 illustrates a line driver system made 1n accordance
with one embodiment of the mvention.

FIG. 4 1llustrates the reduction 1n, the ringing that typi-
cally occurs with the embodiment of the invention shown in
FIG. 3.

FIGS. 5(a) and (b) illustrate two other input wave shapes
generated 1n embodiments of the invention.

FIG. 6 1llustrates a line driver system made 1n accordance
with another embodiment of the invention that additionally
provides energy recovery.

FIG. 7 illustrates a line driver system made 1n accordance
with another embodiment of the invention that drives a
plurality of transmission lines of varying length.

FIG. 8 1llustrates another embodiment of the signal gen-
eration system of the invention.

FIG. 9 1s an alternate embodiment of the line driver
system shown in FIG. 6 containing a replenishing sub-
system.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 illustrates a prior art line driver system.

As shown 1n FIG. 1, a transmission line 1 delivers a
voltage V, to a load 3.

The transmission line 1 1s driven by a driver. The driver
includes a signal generation system, including a switch §, a
first drive signal 7 (which is shown in this example as being
ground) and a second drive signal 9 (which is shown as
being a source of voltage V). The signal generation system
1s connected to a controller 11 which electronically controls
the switch 5, thus causing V,,, at an mput 13 of the
transmission line 1 to switch between the first drive signal 7;
(eround) and the second drive signal 9 (V). In a typical

conflguration, the switch 5 1s an electronic switch, such as a
FET, MOSFET, SCR, triac or BJT.

The goal of the prior art line driver system shown 1n FIG.
1, of course, 1s to cause V, at an output 15 of the transmis-
sion line that 1s across the load 3 to switch between the levels
of the first drive signal (ground) and the second drive signal
(V) in synchronism with the control signal generated by the
controller 11. In a typical system, the controller 11 receives
data as a serial stream of logical “ones” and “zeros.” The net
result 1s that the data 1s delivered to the load 3.

In practice, however, the signal that 1s generated by a
transition (rising or falling) in V,,, at the input 13 to the
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transmission line 1 1s reflected at the output 15 of the
transmission line 1 back to the mnput 13. This occurs when,
for instance, the impedance of the load 3 does not match the
impedance of the transmission line 1.

When the reflected signal arrives back at the mput 13 to
the transmission line 1, 1t 1s usually again reflected back to
the output 15 of the transmission line 1. This typically occurs
because the impedance of the signal generation system 1s
also not the same as the impedance of the transmission line

1.

This now twice-reflected signal 1s again reflected when 1t
reaches the output 15 of the transmission line 1 back to the
input 13. This process repeats until the losses 1n the system
reduce the magnitude of a reflection to zero. Typically, the
magnitude of the reflected signal decays exponentially. This
phenomena 1s often referred to as “ringing” because of its
oscillatory nature.

FIG. 2 illustrates the ringing that typically occurs 1n the
prior art line driver system shown in FIG. 1. The top of FIG.
2 1llustrates a typical profile 21 for V,,. As shown 1n this
profile, V., typically transition from a first voltage level (0
in this example) to a second voltage level (V in this example)
and then later transitions back to the first voltage level.

A profile 23 1s shown of the voltage V, that 1s delivered
across the load. As shown by FIG. 2, however, V,; does not
always match V,,,. Not only 1s 1t slightly delayed 1n time
(due to the time it takes the signal to travel through the
transmission line 1), but there is noticeable “ringing” fol-
lowing each transition.

Of course, 1t 15 to be understood that the magnitude of the
ringing, as well as the number of cycles in the ringing, will
vary widely, depending upon the parameters of the system.

As indicated above, this ringing can; be quite problematic.
It exposes circuitry connected to both the input 13 and the
output 15 of the transmission line to higher-than-normal
voltage excursions, requiring the voltage ratings on these
components to be increased beyond what would otherwise
be needed. The ringing 1tself can also be misinterpreted by
the circuitry as constituting a change in the data signal,
creating the possibility of a data error.

FIG. 3 1llustrates a line driver system made 1n accordance
with one embodiment of the mvention.

As 1 FIG. 1, FIG. 3 imncludes a transmission line 1 having
an 1nput 13 and an output 15 connected a load 3. Unlike FIG.
1, however, the system shown in FIG; 3 utilizes three drive
signals, a first drive signal 17 (shown as ground), a second
drive signal 19 (shown as V/2) and a third drive signal 21
(shown as V). The input 13 to the transmission line 1 is
connected to a switching system 23 that causes the mput 13
to the transmission line 1 to switch between one of the drive
signals. The switching system 23, in turn, operates under the
control of a controller 25.

FIG. 4 illustrates the reduction 1n the ringing that occurs
with the embodiment of the invention shown 1n FIG. 3. As
shown 1n FIG. 4, the controller 25 causes the switching
system 23 to switch the mput 13 of the transmission line 1
from the first drive signal 17 (shown as ground), to the
second drive signal 19 (shown as V/2) and then to the third
drive signal 21 (shown as V). Thereafter, the controller 25
causes the input 13 to the transmission line 1 to be connected
back again to the second drive signal 19 (shown as V/2) and
then the first drive signal 17 (shown as ground). This is
illustrated 1n a profile 31.

The corresponding output voltage V, 1s illustrated n a
proiile 33 1n FIG. 4.
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As shown 1n FIG. 4, the load V, begins to transition from
the first voltage level (ground) to the second voltage level
(V/2) at time t, after the input voltage V, makes this
transition. The time t , represents the time 1t takes a signal to
travel from the mput 13 of the transmission line 1 to the
output 15 of the transmission line 1.

As soon as the transition is received at the output 15 of the
transmission line 1, it 1s reflected back to the mput 13
because of the impedance mismatch. However, the signal
from the input 13 1s still traveling to the output 15. The
reflected signal 1s therefore added to the incoming signal,
causing V, at the output 15 of the transmission line 1 to rise
all the way up to the level of the third input signal (V), as
also shown 1n FIG. 4.

The controller 25 1s configured to cause the switching
system 23 to switch the input 13 to the third drive signal 21
(V) at approximately the moment the reflected signal first
arrives back at the input 13 to the transmission line 1. The
reflected signal 1s thus met with a new 1ncoming signal,
which 1s approximately equal 1n magnitude, thus substan-
tially reducing any further reflections, even though there
might be an 1mpedance mismatch between the impedance of
the transmission line and the impedance of the drive system.
Mathematically, the step from the second drive signal level
to the third drive signal level 1s timed to be approximately

twice the signal delay time of the transmission line 1, 27, as
also 1llustrated 1n FIG. 4.

The net result 1s that the ringing 1s reduced, as also
illustrated 1 FIG. 4. Accordingly, the output voltage V,
across the load 3 transitions smoothly from the level of the
first drive signal (ground) to the level of the third drive
signal (V) without noticeable ringing.

The reverse process 1s preferably followed during the
downward transition of V,,; from the level of the third drive
signal (V) to the level of the first drive signal (ground), as
also shown 1 FIG. 4. As shown 1n FIG. 4, this downward
transition 1s also made 1n two steps. The first step 1s a
transition from the level of the third drive signal (V) to the
level of the second drive signal (V/2). Following a delay of
approximately 2f, (the time needed for the transition to the
level of the second drive signal to be reflected from the end
15 of the transmission line 1 back to the beginning 13 of the
transmission line 1), the second transition to the level of the
first drive signal (ground) is made at the output 15. As shown
in FIG. 4, this similarly causes the output voltage V, across
the load 3 to transition smoothly from the level of the third
drive signal (V) to the level of the first drive signal (ground)
without appreciable ringing.

The voltages of the various drive signals can vary widely.
Although the level of the first drive signal 17 1s shown as
being ground, it 1s to be understood that the level of the first
drive signal 17 could, 1n fact, be a negative or a positive
voltage with respect to ground. The level of the second drive
signal 19 1s between the level of the first drive signal 17 and
the level of the third drive signal 21, as in the example
discussed above.

In one embodiment, the level of the second drive signal 19
1s midway between the level of the first drive signal 17 and
the level of the third drive signal 21.

In another embodiment, the magnitude of the reflected
signal that arrives back at the mput 13 may be something
less than twice the magnitude of the signal that 1s sent to the
output 15. This can happen, for example, when the 1mped-
ance of the load 3 1s somewhat matched to the impedance of
the transmission line 1. In this case, the level of the second
drive signal 1s somewhat above the midway level on the
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rising transition, so that the level of the third drive signal
matches the reflected level of the second drive signal; and
the level of the second drive signal 1s somewhat below the
midway level on the falling transition, so that the level of the
first drive signal matches the reflected level of the second
drive signal.

In a still further embodiment, the level of the second drive
signal 19 1s midway between the level of the first drive
signal 17 and the: level of the third drive signal 21, even
when the 1impedance of the load 3 1s somewhat matched to
the impedance of the transmission line 1. Although this will
not reduce the ringing as much, it 1s often easier to generate
such a midway level signal.

The timing of each rising transition from the level of the
first drive signal 17 to the level of the second drive signal 19
and the timing of the falling transition from the level of the
third drive signal 21 to the level of the second drive signal
19 are usually governed by the timing of the data stream that
1s to be sent to the load 3 over the transmission line 1.

On the other hand, the timing of the rising transition from
the level of the second drive signal 19 to the level of the third
drive signal 21 and the timing of the falling transition from
t
C

e level of the second drive signal 12 to the level of the first
rive signal 17 are governed by the length of the transmis-
sion line 1 and, more particularly, by the time 1t takes a
signal to travel round-trip through the transmission line 1.
This amount 1s noted on FIG. 4 as 2f .

The controller 25 1s configured to cause the switching
system 23 to sequentially switch from the level of the first
drive signal 17 to the level of the second drive signal 19 and
then to level of the third drive signal 21, and to then
sequentially switch from the level of the third drive signal 21
to the level of the second drive signal 19 and then to the level
of the first drive signal 17 in accordance with these timing
requirements. As 1ndicated above, the timing of the switch
between the level of the first drive signal 17 and the level of
the second drive signal 19 on the rising edge and the switch
between the level of the third drive signal 21 and the level
of the second drive signal 19 on the falling edge are
externally governed by the timing of the data stream that 1s
to be delivered. On the other hand, the timing of the rising
transition from the level of the second drive signal 19 to the
level of the third drive signal 21 and the falling transition
from the level of the second drive signal 19 to the level of
the first drive signal 17 are governed by internal
considerations, namely the time it takes the earlier drive
signal to make a round trip through the transmission line 1.

In one embodiment, this internal timing 1s established by
empirical calculation or by experimental testing of an actual
transmission line. Once determined, the controller 25 1s
programmed with this delay information, thus operating in
an “open loop” mode.

In another embodiment, a sensing apparatus:(not shown)
1s connected to the mput 13 of the transmission line 1 to
detect when a reflection of a transition arrives back at the
input 13 to the transmission line 1. Upon detection, the
sensing system (not shown) communicates with the control-
ler 25 to 1nitiate the next transition that 1s needed. In this
“closed loop” confliguration, the second step 1s 1nitiated
based on the detection of the return of an actual reflection,
not based on a prior calculation or measurement.

Although having thus-far described the mput signal V,,,
as being composed of three drive signals each at different
levels, it 1s to be understood that the input signal V,,; could
be composed of a greater number of drive signals, such as
S or 7, as shown in FIGS. 5(a) and (b), respectively. In this
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instance, of course, an equivalent number of supplies would
be needed, one for each input level. Similarly, the switching
system, such as the switching system 23 shown 1n FIG. 3,
would need to be configured to sequentially switch between
cach drive signal. Correspondingly, the controller, such as
the controller 25 shown 1n FIG. 3, would need to be
coniigured to cause the switching system to sequentially
switch between the different drive signals. The timing of the
first rising step and the first falling step would, again, be
externally governed by the timing of the data signal that is
to be delivered to the load 3. Each of the subsequent even
steps (e.g., the second or fourth step) would be timed to
begin the moment the reflection of the transition from the
immediately preceding step arrives back at the beginning 13
of the transmission line 1. The timing of the remaining
odd-numbered steps (e.g., steps 3 or 5) could vary.
Preferably, though, the timing of the remaining odd-
numbered steps would be short to maximize the speed of
data transfer. Indeed, each remaining odd-numbered step
could be made at the same time as 1its preceding even
numbered step. In this embodiment, each pair of even and
odd numbered steps would be merged into a single step, thus
reducing the total number of steps and supplies.

One continuing problem when driving transmission lines
with data signals 1s energy losses that occur during signal
transitions. These losses become particularly great when the
transmission line 1 has a large resistance. These energy
losses can be particularly problematic in low-power
applications, such as in a VLSI pin driver used for fast
chip-to-chip communication.

FIG. 6 1llustrates a line driver system made 1n accordance
with another embodiment of the invention that, in addition
to ring reduction, minimizes these energy losses. The system
1s the same as the system shown 1n FIG. 3, except that the
second drive signal 19 1s generated by a capacitor 41, instead
of a source, such as the V/2 shown 1n FIG. 3. This modifi-

cation adds an energy-recovery function to the invention.

When first energized, the switch from the first drive signal
17 (ground in this example) to the second drive signal 41
will have no effect. V,,, will remain at the level of the first
drive signal 17 (ground). The succeeding switch to the third
drive signal 21 (V in this example) will then cause V, to
jump to the third drive signal (V), much as in the prior art
system shown 1n FIG. 1. Unless the impedance of the load
1s matched to the impedance of the transmission line 1, the
output voltage V, will suffer from ringing following this first
transition, again much like in the system shown 1n FIG. 1.

During the first falling transition, the switching system 23
switches from the third drive signal 21 (V) to the second
drive signal 41 Although the level of the second drive signal
41 starts out at the level of the first drive signal (ground in
this example), the current that flows into the capacitor 41
from the; load 3 charges it to a level between the first drive
signal 17 (ground) and the third drive signal 21 (V).

During the second rising transition, the switch from the
first drive signal 17 to the second drive signal 41 causes a
small transition 1n V,,. The amount of ringing caused by the
second rising transition 1s thus reduce somewhat.

During the second falling transition, the capacitor 41 will
start out at a level between the third drive signal 21 and the
first drive signal 17. This will reduce the ringing that is
caused by the second falling transition somewhat. During
the third rising transition, the initial voltage across the
capacitor 41 will be even higher, thus further reducing the
ringing that 1s caused by the third rising transition.

After several rising and falling transitions, the voltage
level on the capacitor 41 stabilizes to approximately V/2, the
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level that in most embodiments maximizes the reduction of
ringing during both rising and falling transitions. Thereafter,
the system 1n FIG. 6 functions to reduce ringing, just like the
system 1n FIG. 3.

Unlike the system in FIG. 3, however, the system 1n FIG.
6 1s accomplishing another important function—energy con-
servation. In both FIG. 3 and FIG. 6, energy 1s delivered into
the transmission line 1 and the capacitive load 3 during each
rising transition and 1s then removed from the capacitive
load 3 and the transmission line 1 during each falling
transition. In FIG. 3, however, most of the removed energy
1s dissipated as heat in the intrinsic resistances of the
switching system 23 and the internal impedances of the
drive signal supplies. In FIG. 3, on the other hand, a
significant portion of that returning energy 1s stored in the
capacitor 41. Instead of being dissipated or otherwise
wasted, this stored energy 1s then reused during the next
rising transition. The system 1n FIG. 6 thus conserves energy
that would otherwise have been wasted, while simulta-
neously reducing ringing, all without adding any compo-
nents to the system that dissipate additional energy.

Although having described this energy-recovery embodi-
ment of the invention as utilizing a capacitor, 1.€., capacitor
41, other forms of energy-storage devices could be used
mstead, such as an inductor, a combination of an inductor or
capacitor, or others combinations of components.

FIG. 7 1llustrates a line driver system made 1n accordance
with another embodiment of the invention that drives a
plurality of transmission lines of varying length. As shown
in FIG. 7, a load 51 1s driven at an output 33 of a
transmission line 55 having an mput 57; a load 61 1s driven
at an output 63 of a transmission line 65 having an input 67;
and a load 71 1s driven at an output 73 of a transmission line
75 having an mnput 77.

As also shown 1n FIG. 7, the lengths of the transmission
lines 85, 65 and 75 are different, and their inputs 57, 67 and
77 are all connected to the output of a switching system 81.
The 1nputs to the switching system 81, such as inputs 83, 85
and 87, are each connected to a drive signal. Although not
shown, it 1s to be understood that the switching system 81
may have additional mputs connected to other drive signals.
A controller 83 controls switching of the switching system
81 to cause 1t to sequentially switch between the various
drive signals. As with the systems described in FIGS. 3 and
6, the first rising step and the first falling step are externally
governed by the timing of the data signal to be delivered.
The remaining even steps are timed to coincide with the
arrival of reflections, such that each reflection 1s met by an
cequivalent mput signal, thus reducing any further reflection
that might otherwise be caused. As each new step introduced
by the driver will travel down all the transmission lines (with
the exception of the line whose 1ncoming transition the new
step served to cancel), the number of reflected transmissions
requiring new steps for canceling will grow quickly unless
the lengths of the transmission lines are related as small
integers. As each reflected transition will in practice have
been damped somewhat compared to the outgoing
transition, there will be a point of diminishing returns where
the power lost through ringing will be smaller than the
power spent 1n the line driver on generating additional steps.

FIG. 8 1illustrates another embodiment of the signal gen-
eration system of the invention. Thus far, the switching
systems, such as the switching system 23 shown 1n FIGS. 2
and 6 and the switching system 81 shown 1 FIG. 7, have
been 1illustrated as a single pole, multiple throw switch.
Although such a choice simplifies the discussion that has
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thus far been presented, single pole, multiple throw elec-
tronic switches are not common. A more practical approach

for implementing these switching system 1s the approach
shown in FIG. 8. As shown 1n FIG. 8, each drive signal 91,

93 and 95 1s connected to the mput 97 of a transmission line
(not shown) through its own electronic switch, such as
clectronic switches 99, 101 and 103, respectively. Instead of
simply controlling a single switch, a conftroller 105 1is
coniigured to independently control each of the electronic
switches 99, 101 and 103, such that when one electronic
switch opens, the next in sequence closes. Thus, the use of
a plurality of single pole, single throw switches as the
switching system can readily be adapted to any number of
drive signals, such as the five levels shown in FIG. 5(a) or
the seven levels shown in FIG. 5(b).

Again, each of these switches are preferably electronic,
such as a MOSFET, SCR, triac or BJT. Other configurations
known 1n the art for the switching system, of course, are also
contemplated.

FIG. 9 1s an alternate embodiment of the line driver
system shown 1 FIG. 6 with a replenishment subsystem. All
of the components in FIG. 9 are the same as those 1n FIG.
6, with the exception of a switch 117 and an additional

connection 119 between the switch 117 and the controller
23.

In operation, the voltage across the capacitor 41 may
slowly decline from the V/2 value because of losses 1n the
transmission line 1. By periodically activating the switch
117 from a control signal from the controller 23 over the
control line 119, the V/2 value across the capacitor 41 can be
replenished. Preferably, this refreshing would be done at a
moment 1n time when the capacitor 41 1s not connected to
the line 1 through the switch 23. Of course, 1t could also be

refreshed when 1t 1s connected.

Although having thus far described certain embodiments
of the mvention, it 1S to be understood that the mvention
embraces many other embodiments and configurations and
has many other benefits. The invention 1s limited solely by
the claims that now follow.

What 1s claimed 1s:

1. A driver for driving a transmission line connected to a
load, the transmission line having an input and an output,
comprising:

a. a signal generation system that generates at least a first
drive signal, a second drive signal and a third drive
signal, the second drive signal having a level greater
than the first drive signal, and the third drive signal
having a level greater than the second drive signal; and

b. a controller in communication with said signal genera-
tion system to cause said signal generation system to
deliver the first drive signal, then the second drive
signal, and then the third drive signal to the 1nput of the
transmission line, the third drive signal beginning to be
delivered to the 1nput of the transmission line approxi-
mately when a reflection of the second drive signal
from the output of the transmission line first arrives at
the 1mput to the transmission line.

2. The driver of claim 1 wherein said signal generation
system 1ncludes a source of the second drive signal and
wherein said source includes an energy-storage device.

3. The driver of claim 2 wheremn said energy-storage
device receives all of 1ts charge solely from the transmaission
line.

4. The driver of claiam 2 wherein said energy-storage
device includes a capacitor.

5. The driver of claim 1 wherein the level of the second
drive signal 1s approximately midway between the level of
the first drive signal and the third drive signal.
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6. The driver of claim 1 wherein the level of the third
drive signal 1s approximately equal to the reflected level of
the second drive signal when 1t first arrives at the input of the
fransmission line.

7. The driver of claim 1 wherein said signal generation
system also generates a plurality of drive signals, 1n addition
to the first drive signal, the second drive signal and the third
drive signal.

8. The driver of claim 7 wherein said signal generation
system 1ncludes a source for each of the plurality of addi-
fional drive signals and wherein said source includes an
energy-storage device.

9. The driver of claim 8 wherein said energy-storage
device receives all of its charge solely from the transmission
line.

10. The driver of claim 8 wherein said energy-storage
device includes a capacitor.

11. The driver of claim 1 wherein:

a. said signal generation system includes a supply for
generating each of the drive signals and a switching
system that selectively connects each of the drive
signals to the input of the transmission line; and
wherelin

b. said controller controls said switching system.

12. The driver of claim 1 wherein said controller also
causes said signal generation system to deliver the third
drive signal, then the second drive signal and then the first
drive signal to the mput of the transmission line, the first
drive signal beginning to be delivered to the input of the

fransmission line at approximately when a reflection of the
second drive signal from the output of the transmission line
first arrives at the mput to the transmaission line.

13. A process for driving a transmission line connected to

a load, the transmission line having an input and an output,
comprising;:

a. generating at least a first drive signal, a second drive
signal and a third drive signal, the second drive signal
having a level greater than the first drive signal and the
third drive signal having a level greater than the second
drive signal; and

b. delivering the first drive signal, then the second drive
signal and then the third drive signal to the mput of the
transmission line, the third drive signal beginning to be
delivered to the input of the transmission line approxi-
mately when a reflection of the second drive signal
from the output of the transmission line first arrives at
the 1nput to the transmission line.

14. The process of claim 13 wherein a source 1s used to
provide the second drive signal and wherein the source
includes an energy-storage device.

15. The process of claim 14 wherein the energy-storage
device receives all of its charge solely from the transmission
line.

16. The process of claim 14 wherein the energy-storage
device includes a capacitor.

17. The process of claim 13 wherein the level of the
second drive signal 1s approximately midway between the
level of the first drive signal and the third drive signal.

18. The process of claim 13 wherein the level of the third
drive signal 1s approximately equal to the reflected level of
the second drive signal when 1t first arrives at the input of the
fransmission line.

19. The process of claim 13 also comprising generating a
plurality of drive signals 1n addition to the first drive signal,
the second drive signal and the third drive signal.

20. The process of claim 19 wherein a source 1s used to
generate each of the plurality of additional drive signals and
wherein the source includes an energy-storage device.

12

21. The process of claim 20 wherein the energy-storage
device receives all of 1ts charge solely from the transmission
line.

22. The process of claim 20 wherein the energy-storage

5 device 1ncludes a capacitor.
23. The process of claim 13 wherein:

a. a supply generates each of the drive signals and a
switching system selectively connects each of the drive
signals to the input of the transmission line; and

10 wherein

b. a confroller controls the switching system.

24. The process of claim 13 also comprising delivering
the third drive signal, then the second drive signal and then
the first drive signal to the input of the transmission line, the

19 first drive signal beginning to be delivered to the mput of the
fransmission line at approximately when a reflection of the
second drive signal from the output of the transmaission line
first arrives at the mput to the transmission line.

25. A driver for driving a transmission line having an
input connected to the driver and an output connected to a
capacitive load, comprising;:

20

a) a high potential voltage source;

b) a first electronically-controlled switch connected
between said high potential voltage source and the
input of the transmission line;

25

c) a low potential voltage source;

d) a second electronically-controlled switch connected
between said low potential voltage source and the input

30 of the transmission line;

¢) an energy-storage device;

f) a third electronically-controlled switch connected
between said energy-storage device and the mput of the

transmission line; and

35 : :
g) a controller connected to said first, second and third

clectronically-controlled switches, said controller caus-

Ing:

1) said third electronically-controlled switch to close
approximately when a signal 1njected into the trans-
mission line by said second electronically-controlled
switch first returns back to the mput of the transmis-
sion line; and

2) said first electronically-controlled switch to close
approximately when a signal 1njected into the trans-
mission line by said second electronically-controlled
switch first returns back to the input of the transmis-
sion line.

26. A method of driving a transmission line connected to
a load, the method comprising:

40

45

> applying a first drive signal to the transmaission line; and.
applying a second drive signal to the transmission line

after the first drive signal 1s reflected from the load,
wherein the application of the second drive signal to the
55 transmission line reduces ringing on the transmission

line.

27. The method of claim 26 wherein a source 1s used to
provide the first drive signal and wherein the source includes
an energy-storage device.

28. The method of claim 27 wherein the energy-storage
device receives all of 1ts charge solely from the transmaission
line.

29. The method of claim 27 wherein the energy-storage
device includes a capacitor.

30. The method of claim 26 wherein the level of the first
drive signal 1s approximately half of the level of the second
drive signal.

60

65
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31. The method of claim 26 wherein the level of the
second drive signal 1s approximately equal to the retflected
level of the first drive signal.

32. A driver for driving a transmission line connected to
a load, the driver comprising a signal generation system that
applies a first drive signal to the transmission line and that
applies a second drive signal to the transmission line after
the first drive signal 1s reflected from the load, wherein the
application of the second drive signal to the transmission
line reduces ringing on the transmission line.

33. The driver of claim 32 wherein a source 1s used to
provide the first drive signal and wheremn said source
includes an energy-storage device.

34. The driver of claim 33 wheremn said energy-storage
device receives all of 1ts charge solely from the transmission
line.

35. The driver of claim 33 wherein said energy-storage
device 1ncludes a capacitor.

36. The driver of claim 32 wherein the level of the first
drive signal 1s approximately half of the level of the second
drive signal.

J7. The driver of claim 32 wherein the level of the second
drive signal 1s approximately equal to the reflected level of
the first drive signal.

38. The driver of claim 37, wherein the driver drives the
fransmission line at an mput to the transmission line and
wherein the level of the second drive signal at the mput 1s
approximately equal to the reflected level of the first drive
signal at the mput.

39. A method of driving a transmission line connected to
a load, the method comprising:

applying a first drive signal to the transmission line; and

applymng a second drive signal to the transmission line
after the first drive signal 1s reflected from the load,

wherein the second drive signal has a level approximately
equal to a level of the reflected first drive signal and
wherein the second drive signal reduces ringing on the
transmission line.

40. The method of claim 39 wherein a source 1s used to
provide the first drive signal and wherein the source includes
an energy-storage device.

41. The method of claim 40 wherein the energy-storage
device receives all of 1ts charge solely from the transmission
line.

42. The method of claim 40 wherein the energy-storage
device includes a capacitor.

43. The method of claim 40 wherein the level of the first
drive signal 1s approximately half of the level of the second
drive signal.

44. The method of claim 39, wherein the first and second
drive signals are applied to an input to the transmission line
and wherein the level of the second drive signal at the 1nput
1s approximately equal to the level of the reflected first drive
signal at the 1nput.

45. A driver for driving a transmission line connected to
a load, the driver comprising a signal generation system that
applies a first drive signal to the transmission line and that
applies a second drive signal to the transmission line after
the first drive signal 1s reflected from the load, wherein the
second drive signal has a level approximately equal to a
level of the reflected first drive signal and wherein the
second drive signal reduces ringing on the transmission line.

46. The driver of claim 45 wherein a source 1s used to
provide the first drive signal and wheremn said source
includes an energy-storage device.
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47. The driver of claim 46 wherein said energy-storage
device receives all of its charge solely from the transmission
line.

48. The driver of claim 46 wherein said energy storage
device includes a capacitor.

49. The driver of claim 45 wherein the level of the first
drive signal 1s approximately half of the level of the second
drive signal.

50. A method of driving a transmission line, wherein a
first end of the transmission line 1s connected to a driver and
a second end of the transmission 1s connected to a load,
wherein the 1impedances of the driver and the transmission
line are different substantially throughout the operation of
the method, the method comprising:

operating the driver so as to apply a plurality of drive
signals to the transmission line such that ringing on the
transmission line 1s reduced,

wherein the plurality of drive signals include a first drive
signal and a second drive signal, the second drive signal
being applied to the first end of the transmission line
after the first drive signal 1s reflected from the load.

51. The method of claim 50 wherein a source 1s used to
provide one of the drive signals and wherein the source
includes an energy-storage device.

52. The method of claim 51 wherein the energy-storage
device receives all of 1ts charge solely from the transmission
line.

53. The method of claim 50 wherein the energy-storage
device includes a capacitor.

54. The method of claim 50 wherein the level of one drive
signal 1s approximately half of the level of another drive
signal.

55. The method of claim 50 wherein the level of one drive
signal 1s approximately equal to the reflected level of
another drive signal.

56. A driver for driving a transmission line, wherein a first
end of the transmission line 1s connected to said driver and
a second end of the transmission 1s connected to a load,
wherein the 1impedances of the driver and the transmission
line are different substantially throughout the operation of
the driver, the driver comprising a signal generation system
for operating the driver so as to apply a plurality of drive
signals to the first end of the transmission line such that
ringing on the transmission line 1s reduced wherein the
plurality of drive signals include a first drive signal and a

second drive signal, the second drive signal being applied to
the first end of the transmission line after the first drive
signal 1s reflected from the load.

57. The driver of claim 56 wherein said energy-storage
device includes a capacitor.

58. The driver of claim 56 wherein the level of one of the
drive signals 1s approximately half of the level of another of
the drive signals.

59. The driver of claim 56 wherein the level of one of the
drive signals 1s approximately equal to the reflected level of
another of the drive signals.

60. The driver of claim 59, wherein the driver drives the
transmission line at an mput to the transmission line and
wherein the level of the one of the drive signals at the input
1s approximately equal to the reflected level of the other of
the drive signals God at the input.
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